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Abstract. The predictability of any characteristic functional aspect in a double
perovskite (DP) system has always been compromised by its strong dependence
over the inevitably present anti-site disorders (ASD). Here, we aim to precisely
map the qualitative and quantitative factors concerning ASD with respect to the
corresponding observables describing the magnetic and electronic state in epitaxial
Sm2NiMnO6 (SNMO) DP thin films. The concentration and distribution patterns of
ASD are effectively controlled by optimizing growth conditions and estimated on both
local and global scales utilizing extended X-ray absorption fine structure and bulk
magnetometry. Depending upon the mis-site defect densities, the nature of disorder
distribution can vary from homogeneous to partially segregated patches. The magnetic
behavior of SNMO compromises between long range FM ordering and short scale
AFM interactions originated from ordered Ni-O-Mn and disordered Ni-O-Ni or Mn-
O-Mn bonds, respectively, which can be modified substantially by controlling B-site
cation arrangement. With increasing ASD, systematic shift in transition temperatures,
drastic drop in saturation moment along with deviation from uniaxial anisotropy
behavior, reduction in anisotropy energy and increase in defect dimension involving
moment pinning efficiency are observed. However, Ni2+ + Mn4+ −→ Ni3+ + Mn3+
charge fluctuation mediated signatures of mixed valence characters are found to be
independent of cation disorder densities. Inter competing magnetic interactions from
Sm vs Ni-Mn sublattice results in metastable magnetic ground state with manifolds
of uneven free energy landscape configurations. This work provides a route-map to
tailor the magnetic phase transitions, anisotropy behavior and magnetization reversal
mechanism by engineering the ASD fractions in a general DP system.
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21. INTRODUCTION
The periodic symmetry of any crystal structure is destined to be broken owing to
imperfections and the physical properties of the system have to bear the consequences
from slight to moderate level, depending on the density of disorders. Structural disorders
can introduce new channels for charge transport [1, 2], heat conductivity [3], magnetic
exchange interactions [4] etc. The double perovskite (DP) A2B
′B′′O6 family is a relevant
example of how the mis-locations of transition metal (TM) ions B′ and B′′ from ideal
alternating site occupancy, a phenomenon commonly known as anti-site disorder (ASD),
can drastically alter the magnetic and electronic ground states [5, 6]. In ordered DP
configurations, the B′, B′′ cations are arranged in ideal rock salt fashion kinetically
favored by significant differences in formal charge states and ionic radius [7] and the
interactions among the B-site cations is mediated via B’-O-B”-O-B’ long range chain,
whereas, the ASD results in two additional interaction pairs viz: B’-O-B’ and B”-O-B”
(illustrated in Fig.1(a)).
The class of Ni-Mn based R2NiMnO6 (RNMO, R: rare earth) DP is specially
prominent for realizing the sparse ferromagnetic (FM) insulating (I) state [8, 9, 10].
FMIs are essential for dissipationless quantum electronics, spin-wave based spintronics
and information processing in solid state quantum computing because of significantly
saving the energy loss due to eddy currents and charge displacement [11, 12, 13].
Contemporary FMs involving double exchange or RKKY type of magnetic interactions
come with large electrical conductivity whereas, in RNMO the rare combination of FM-I
state is originated due to virtual hopping of the electrons from half filled eg orbital of
Ni to empty eg orbitals of Mn leading to TM(e
2
g)-O-TM(e
0
g) super exchange interaction
which is FM in 1800 geometry [14]. Besides, near room temperature spin pumping,
magneto-dielectric, magneto-capacitance, magneto-resistance behaviors in La2NiMnO6
[8, 9, 15, 16], multiferroic properties in Bi2NiMnO6 and Y2NiMnO6 [17, 18], aroused
renewed interest in the DPs with Ni and Mn as B-site cations.
Although the presence of disorder is intrinsic, to quantitatively estimate the fraction
and predict the qualitative nature of these disorders is still challenging, especially in
complex crystal environment. The accurate estimation of ASD density is essential to
understand the disorder mediated effects and to engineer the multifunctional properties
of DP systems for technological feasibility. One approach for tuning the disorder in
a controlled fashion can be achieved by fabricating DP systems in thin film form,
which provides a wide range of control parameters during synthesis. With this
motive, we have synthesized epitaxial thin films of Sm2NiMnO6 (SNMO) to generate
different ASD densities by varying deposition parameters for investigating the role
of B-site cation disorder on electronic and magnetic states. As Ni and Mn cations
have comparable ionic radius, SNMO thin films provide an ideal platform to tune
the ASD concentration. Among the trivalent rare-earth series Sm based systems
show unique trends in magnetization and anisotropy behaviors attributed to narrow
energy separation (∼0.12eV) between the ground state (J=5/2) and lower excited states
3(J=7/2, 9/2 etc.) of Sm3+ ions leading to significant mixing of ground state with
excited multiplets in presence of crystal field, exchange field and/or thermal energy
[19]. The presence of Sm ion is expected to introduce additional temperature dependent
perturbations in the long-range ordered Ni-Mn networks, making the ground state more
complex and challenging to understand. In this backdrop, here we demonstrate a
pathway to tailor the magnetic ground state, phase transition temperature, uni-axial
and bi-axial magnetic anisotropy and domain wall pinning efficiency by engineering the
octahedral site cation arrangement in the system.
2. EXPERIMENTAL METHODOLOGY
Epitaxial SNMO thin films (thickness ∼ 140(±5)nm) were deposited on (001) oriented
SrTiO3 (STO) single crystal substrate, by pulsed laser deposition using a KrF excimer
laser system (Lambda Physik, wavelength 248nm, pulse width 20ns). For ablation,
stoichiometric polycrystalline bulk target of SNMO was synthesized by conventional
solid state reaction method. During the film growth, the phase stability was explored
by varying the deposition temperature (DT) within the range of 650-7800C and oxygen
partial pressure (OPP) within the range of 200-800mT. The laser fluence at the target
surface was kept at 2Jcm−2 and target to substrate distance was set to 4.5cm. Just
after deposition, films were annealed for 5 minutes at same temperature, as used during
growth process and then cooled under 400T OPP with different cooling rates ranging
between 10-400C/min. The phase and structural characterization of the films were
done by θ − 2θ scans using Cu Kα (λ = 1.54 A˚) x-ray diffraction (Bruker D2 Phaser
Desktop Diffractometer) and Reciprocal space mapping (RSM) using high resolution x-
ray diffractometer (Bruker D8 Discover HRXRD). Chemical valence state of the elements
present in the sample, were investigated by X-ray photo electron spectroscopy (XPS)
experiments using Al Kα (hν = 1486.7 eV) lab-source and Omicron energy analyzer
(EA-125) at angle integrated photoemission spectroscopy (AIPES) beamline (Indus-1,
BL 2, RRCAT, Indore, India) and X-ray absorption near edge spectroscopy (XANES)
measurements in fluorescence mode using hard X-ray synchrotron radiation (Indus-2,
BL 9, RRCAT, Indore, India). The charging effect corrections in XPS, were accounted
by measuring C 1s core level spectra. XPS spectra were deconvoluted by fitting with
combined Lorentzian-Gaussian function and Shirley background. The estimated energy
resolution (∆E/E) for XPS and XANES measurements across the measured energy
range were about 6×10−4 and 1×10−4, respectively. Local structural peculiarities
were probed using extended X-ray absorption fine structure (EXAFS) measurements
at Ni K-edge (presence of Sm L3-edge (6716eV) in the vicinity of Mn K-edge (6539eV)
restricts to perform EXAFS measurements at Mn K-edge), recorded in fluorescence
mode at the XAFS beamline (11.1R, Elettra-Sincrotrone, Trieste, Italy). Reference
absorption edge spectra of metal foils (Mn and Ni) were used for energy calibration
of the incident X-ray in XANES and EXAFS measurements. In order to get better
statistics, the EXAFS scans for each sample were collected five times and merged.
4Then standard background subtraction and normalization procedures were applied to
extract normalized XANES spectra and EXAFS oscillations in k-space (χ(k)) using
ATHENA program [20] implimenting AUTOBK algorithm [21]. Fourier transformation
were performed on the EXAFS signal (within selected k range) to get the spectra
in R-space (χ(R)). Thereafter, obtained EXAFS spectra were fitted with specific
model implementing ARTEMIS software which uses ATOMS and FEFF6 programs
[22, 23] to simulate theoretical spectrum by summing over all partial contribution from
scattering paths for a given crystallographic structure. Each contribution (for example
consider ith coordination shell), was computed using standard EXAFS expression [23],
with refinable structural parameters: coordination number (Ni), average coordination
distance (Ri) and mean-square relative displacement (MSRD) factor (σ
2
i ). All of these
spectroscopic measurements were carried out at 300K. Magnetization measurements
were performed using MPMS 7 Tesla SQUID-VSM (Quantum Design Inc., USA).
Temperature dependent magnetization M(T) were measured following conventional zero
field cooled (ZFC) warming and field cooled warming (FCW) protocols. Before all
measurements, to remove prior history present (if any) in the sample it was heated well
above the magnetic ordering temperature and to remove trapped magnetic field inside
the superconducting magnet of the magnetometer standard degaussing procedure was
followed.
3. Results and discussion
3.1. Thin film fabrication
The growth conditions, for example, DT, OPP etc. used for the thin film deposition
highly influence the cation ordering in DP structure. Saturation magnetization MS(5K),
one of the key signature for degree of B-site cationic ordering [24, 25], measured as a
function of DT and OPP, allows to map the phase stability diagram (presented in
Fig.1(b)) for SNMO thin films. The phase mapping depicts that, although SNMO
can be stabilized in single phase for a broad growth parameter window, but the films
fabricated in low DT (650◦C ± < 30◦C) and low OPP (300mT ± < 100mT ) have highly
disordered phase, with increasing DT and OPP the level of cation ordering improves
and finally highly ordered phase can be achieved with high DT (780◦C ± < 30◦C) and
high OPP (800mT ± < 100mT ). For a fixed OPP, rise in DT or vice versa condition
(i.e. for a fixed DT with increasing OPP) also enhances the B-site ordering in the
lattice. DT used for the film fabrication, plays an important role for the film growth
kinetics and atomic arrangement [26, 27]. Higher DT may allow the cations for ordered
occupancy in the B-site sub-lattice via. thermal diffusion. On the other hand varying
OPP affects the flux and energy of the impinging species during film growth process
[28, 29]. In higher OPP there may be reduction of disorder defect created by high
energy species bombardment. Thus we have found that different level of anti-site cation
ordering can be engineered by fine tuning of film growth parameters. As we want to
5Figure 1. (a): Schematic visualization of A2B’B”O6 (large magenta spheres: A-
site cations, Red/Blue sphere: B’/B” cations and small grey spheres: oxygens) DP
crystal structure demonstrating; anti-site order (ASO): ideal alternating arrangement
of B’/B” cations (marked by solid/green box) leading to B’-O-B” long range ordered
structure and anti-site disorder (ASD): mislocation (as shown by arrow) of B-site
cations which results disordered B’-O-B’, B”-O-B” pairs (marked by dash/black oval).
(b): Phase stability mapping for the growth of SNMO films, illustrating the tunability
over ASD phase fraction via controlling growth parameters. Hollow circles correspond
to projection of same colored solid spheres in DT-OPP plane.
investigate the alteration of electronic and magnetic properties of DP system governed
by ASD, we have choosed three samples for further characterization, S HO having highly
ordered phase, S HD having highly disordered phase and an intermediate sample S I
which have admixture of both ordered and disordered phases. Details about structural
characterization (θ−2θ scans, RSM) are discussed in the supplementary material (SM).
3.2. Chemical valence state
We have recorded photo-emission spectra utilizing soft X-rays and near-edge absorption
spectra with hard X-rays, in order to probe the charge states of constituing elements
present at the surface and in the bulk of the thin films, respectively.
The multiplet energy splitting in the 3s core XPS spectra is used to determine
the valance state of Mn species at surface. After emission of one photo electron from
3s core level Mn ions will have two multiplets originated due to exchange coupling
between remaining core electron at 3s level and electrons at unfilled 3d shell [30].
The magnitude of spectral splitting is understood as ∆E3s = (2s+1)J
eff
3s,3d, where s
is net valence spin of emitter species, Jeff3s,3d is effective exchange integral between 3s
6Figure 2. XPS: (a) Mn 3s, (b): Ni 2p core level spectra and XANES: (c) Mn, (d)
Ni K-edge spectra measured for SNMO films, suggesting mixed valency of both Mn
(4+/3+) and Ni (2+/3+) specices. Insets of (c, d) present first derivative of XANES
spectra.
and 3d states, considering final state intrashell correlations [30, 31]. Thus 3s spectral
splitting allows to estimate the total valence spin of emitter ions. In case of Mn, the
3s-3d exchange interaction is the most dominating effect to govern the splitting in
3s spectra [30, 31]. Therefore, Mn 3s multiplet splitting can be used as a sensitive
probe to determine the valency of Mn species present in the sample. However, this
method does not help in accurate determination of valence state for heavier TMs with
high d electron count (e.g. Ni) and also for lower electronegative ligands (e.g. Br),
in which charge transfer final state screening effect increases [30]. Neglecting nominal
difference (which is under experimental resolution) between the Mn 3s XPS spectra
for SNMO films (Fig.2(a)), it is found that the observed multiplet splitting energy
∆E3s ∼ 4.9 eV is in between ∆E3s(Mn4+) ' 4.4 eV and ∆E3s(Mn3+) ' 5.5 eV, i.e.
Mn species have mixed valence character. Considering the mixed valence Mn 3d (4−x)
configurations i.e. x Mn4+ + (1-x) Mn3+ = Mn(3+x)+, with s(Mn(3+x)+) = (1/2)(4-x),
the multiplet energy separation will be ∆E3s(Mn
(3+x)+) ' 1.1 (5-x) where Jeff3s,3d ' 1.1
7eV as observed in previous studies on Mn based compounds [31, 32]. From this obtained
mixed valence fractional concentration in SNMO samples (having ∆E3s ∼ 4.9 eV) are
as follows, 54(±2)% Mn4+, 46(±2)% Mn3+.
Ni 2p core level spectra splited into 2p1/2 and 2p3/2 due to spin-orbit splitting
are shown in Fig.2(b). The nominal shift observed in these spectra for different
SNMO samples can be ignored as they are under resolution limit. The asymmetry and
broadening of spectral characters suggest the presence of more than one valence features
of Ni species. Considering this, Ni 2p XPS spectra is deconvoluted by fitting those with
peaks contribution from 55(±1)% Ni2+, 44(±1)% Ni3+, with peaks centered at 854.6eV
(Ni2+ 2p3/2), 856.1eV (Ni
3+ 2p3/2) [33]; 872.2eV (Ni
2+ 2p1/2) and 874.2eV (Ni
3+ 2p1/2).
According to cluster model approximation the ground state of late TM central cation
surrounded by ligand anions is described by ΨTMg = a0|dn〉 +
∑
m am|dn+mLm〉: m =
1,..10-n and after 2p core level photo emission this will have final state consisting of
screened state c3dn+1L and satellite states for c3dn or c3dn+2L2, where L represents
a hole in ligand band and c refers to a core hole [34]. This approach explains the
presence of satellite features (Fig.2(b)) in Ni2+/3+ (with 3d8/7 configurations) 2p core
level spectra.
To further investigate whether these mixed valence nature are only surface
properties or similarly distributed in bulk portion of the sample also, we have used the
large penetration depth of hard X-rays and measured the XANES spectra across Mn and
Ni K-edges (Fig.2(c, d)) for SNMO films along with standard samples of MnO2(Mn
4+),
Mn2O3(Mn
3+), NiO(Ni2+), Ni2O3(Ni
3+). XANES spectra at TM K-edge is related to
photo electron excitation from atomic 1s to empty TM p-bands and pre-edge features
may occur which are ascribed to 1s-3d dipole forbidden or quadrapole transitions
possibly due to TMO6 octahedral distortion related p-d hybridized states [35]. Both
of the Mn and Ni XANES spectra show minor pre-edge signatures, characteristic white
line just near the absorption edge and post edge region. With increasing valency of TM
ions the band edge shifts to higher energies [36]. The absorption edge energy (defined as
the maxima in first energy derivative of absorption spectra i.e. inflection point in µ(E))
of SNMO samples are almost same and comparing those SNMO TM (Mn/Ni) K-edge
XANES spectra with standard samples (insets of Fig.2(c, d)), it can be inferred that,
Mn and Ni have valency in between 3+, 4+ and 2+, 3+ respectively, which are well
consistent with the XPS results.
Therefore, mixed valence nature for both Ni2+/3+ and Mn4+/3+ species (whereas,
Sm is found in 3+ valence state only (not shown here)) are confirmed from both
photo emission and photo absorption measurements and such chemical states are
distributed in throughout the thickness of the films. Observed mixed valency suggests
Ni2++Mn4+ −→ Ni3++Mn3+ kind of charge fluctuation, which is likely to occur in DP
systems [9, 24, 28]. With varying disorder concentration we have not observed apparent
change in spectral features in XPS as well as in XANES, indicating that chemical valency
of elements present in SNMO films are unbiased to degree of cation disorder present in
the structure.
8Figure 3. Ni K-edge EXAFS analysis, (a): k2-weighted spectra (k2.χ(k)) and (b):
modulus of the FT (|χ(R)|) presenting observed signals (hollow/black circles) and
corresponding best fits (solid/red lines) for SNMO thin films. Contributions from
different coordination shells are identified in different regions. (c): For S HD sample
|χ(R)| (hollow/black circles: observed data, solid/red line: best fit, dots/magenta: q =
0.9 spectra) and Im[χ(R)] (solid/dark green circles: observed data, solid/light green
line: best fit, dots/blue: q = 0.9 spectra) show comparison between the best fitted
curve obtained by refining q (=0.09) and a curve with forcefully fixed q (=0.9).
3.3. Extended X-ray absorption fine structure analysis
EXAFS is very useful technique to provide valuable information about the local
molecular structure, coordination environment of the absorber, short range disorder
present in the system etc. Figures 3(a, b) show k2-weighted signal in k-space and
corresponding modulus of Fourier transforms (FT) of Ni K-edge EXAFS spectra
respectively, acquired for SNMO samples. Real and imaginary parts of FT are presented
in SM. To individuate the role of B-site cation disorder, quantitative analysis of |χ(R)|
have been carried out by model fitting with Sm2NiMnO6 crystal structure (SG: P21/n).
Theoretical fitting standards were created using cell parameters (see SM) obtained from
Rietveld analysis of XRD pattern (not shown here) of polycrystalline SNMO. The fits
were confined to R-range of 1A˚ 6 R 6 4A˚ and k-range of 2.5A˚−1 6 k 6 12A˚−1.
Here within this region, EXAFS spectra originates because of photoelectron scattering
from 6 nearest neighbor octahedral oxygens (O), 8 second nearest neighbor samariums
(Sm) and next neighbor B-site cations (Mn/Ni) connected with Ni core absorber through
intermediate O. Depending on statistical significance, the most relevant single scattering
and multiple scattering paths are choosed to model theoretical EXAFS pattern. Along
with Ni-O, Ni-Sm and Ni-Mn/Ni single scattering effects, due to the presence of Ni-
O-Mn/Ni linkage, here multiple scattering (in forward triangle geometry) effects also
have considerable contribution. To define ASD in the fitting model, two types of cells
both having same core as Ni atom are considered. In first case, all the next B-sites
are occupied with Mn atoms (i.e. 100% order) whereas in other case all the next B-
sites are filled with Ni atoms (i.e. 100% disorder). The theoretical EXAFS spectra is
simulated as a convoluted effect from these two cells [37]. The coordination number of
9Ni-Mn and Ni-Ni bonds are refined to probe the fractional contribution from each cell.
To quantify the degree of short range disorder related with the mislocation of B-site
cations from their ideal alternating site occupancy, we have defined QXASASD parameter as
the probability of getting disordered bond configurations [38].
QXASASD = (NB−site −NNi−Mn)/NB−site = 1− q (1)
q = NNi−Mn/NB−site and NB−site = NNi−Mn + NNi−Ni where, NNi−Mn and NNi−Ni
are the coordination numbers of ordered (Ni-O-Mn) and disordered (Ni-O-Ni) bond
configurations. NB−site is the total coordination number (NB−site = 6) corresponding
to B-site configurations (Ni-Mn/Ni). For all samples the total coordination numbers
were kept fixed to crystallographic values. Amplitude reduction factor (s20) was kept
constant at 0.84 (s20 obtained from NiO Ni K-edge EXAFS refinement was used here,
as it is chemically transferable). Same energy shift (∆E0) was used for all coordination
shells. During refinement cycles average coordination distances and mean-square relative
displacement (MSRD) factors were refined. Preliminary trials show that MSRD for Ni-
Mn, Ni-Ni and Ni-O-Mn, Ni-O-Ni scattering paths are highly correlated and therefore
same σ2 can be considered for each Ni-Mn/Ni and Ni-O-Mn/Ni configurations. Obtained
best fits are superimposed on k2.χ(k), |χ(R)| (Figs.3(a, b)), Re[χ(R)] and Im[χ(R)]
(see SM) which are in a good agreement with corresponding observed spectra (having
goodness indicator factor RS HO ∼ 0.01, RS I ∼ 0.01 and RS HD ∼ 0.009). Table 1
presents the estimated ASD fractions for the samples and refined values of structural
parameters are listed in SM. To check the sensitivity of the fitting model over parameter
q (or QASD), the best fitted spectra for S HD film having refined q = 0.09 are compared
with a model spectra having forcefully fixed q = 0.90 value (which is close to S HO
case). Clearly distinguishable differences between experimentally observed signal and
q = 0.9 (forcefully fixed) spectra (Fig. 3(c)) in |χ(R)| and Im[χ(R)] specifically across
the Ni-Mn/Ni coordination shell only, confirm that the proposed EXAFS model is
the most appropriate one to quantify q and hence ASD concentration. Thus EXAFS
analysis unambiguously establishes that local coordination environment around Ni core
comprises of both cation ordered and disordered configurations.
The nature of ASD in SNMO system can be understood on the basis of B-site cation
disorder distribution in local atomic arrangement. In ideal scenario i.e. without having
any ASD, Ni/Mn octahedral center cations have alternating site occupancy as shown,
along the solid (green) lines in Fig.4(a). TM ion mislocation related defect structures at
random sites in the host matrix, with varying fraction of disorder densities are illustrated
in Fig.4(b-d). At lower concentration of QASD, Ni/Mn disordered bonds are distributed
homogeneously (Fig.4(b)), with increasing QASD Ni/Mn rich small clusters are formed
(Fig.4(c)) and higher concentration of QASD results in partial Ni/Mn segregated patches
(Fig.4(d)) in the lattice.
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Figure 4. Schematic diagram presenting Ni (light blue) / Mn (dark red) arrangement
at (001) plane of SNMO lattice, having different concentration of disorder. (a): Ideally
ordered system (QASD = 0%). Disordered system with ASD density, (b): QASD =
23.5%, (c): QASD = 49.25% and (d): QASD = 74.5%.
3.4. Magnetic properties
As already observed in Fig.1(b), the degree of B-site cation ordering have immense
impact on magnetic properties. To further explore the ASD driven modifications in
magnetic behavior of SNMO system we have measured dc magnetization as a function
of temperature in presence of different applied magnetic fields and as a function of
applied magnetic fields in isothermal conditions. Temperature dependent magnetization
M(T) of SNMO films in presence of µ0H = 100 Oe of applied magnetic field following
typical FCW protocol, are presented in Fig.5(a). At first glance two distinct magnetic
transitions are observed (transition temperatures are estimated from first temperature
derivative of magnetization i.e. dM/dT) at T = TC (highlighted by vertical dashed
lines) and at T = Td (downturn at low temperature). The transition temperature TC
is found to be robust against the variation of measuring magnetic field (Fig.5(b)).
It is suggested that, because of more localized nature of t2g orbitals, only the
electrons from half filled eg orbital of Ni allows to participate in virtual hopping with
empty eg orbitals of Mn, leading to TM(e
2
g)-O-TM(e
0
g) super exchange interaction
which is FM via 1800 linkage [14, 39]. Following this prediction, the microscopic
magnetic structure of La2NiMnO6 (LNMO) is also found to be collinear ferromagnetic
[9]. Modified arrott plot analysis across T = TC reveal that, the nature of the
transition is second order PM-FM where mean-field approximation is applicable and
the obtained TC values are within ± < 2 K to those what we have observed in dM/dT.
Thus the transition observed at T = TC in SNMO film is attributed to long range
FM ordering of Ni2+(e2g)-O-Mn
4+(e0g) B-site ordered configurations. Furthermore, as
the SNMO films show mixed valence character of both Ni(2+/3+) and Mn(4+/3+)
species, a number of additional magnetic interactions are possible in present scenario,
(i) B-site cation disorder mediated AFM coupling between Ni2+(e2g)-O-Ni
2+(e2g) and
Mn4+(t32g)-O-Mn
4+(t32g) pairs due to virtual charge transfer between half filled to half
filled orbitals. Such local site disorder related short scale AFM interactions weaken
the long range FM ordering. (ii) FM coupling in Ni3+LS(e
1
g)-O-Mn
3+
HS(e
1
g) because of
11
Figure 5. (a): FCW magnetization measured as a function of temperature M(T)
in presence of measuring magnetic field 100Oe. Inset shows enlarged view of M(T)
curve for S HD sample. (b): Temperature derivative of magnetization across the PM-
FM transition in presence of different magnetic fields for S HO sample. (c): M(T)
curves for S HO sample, showing effect of different measuring magnetic field values
on inverted cusp like trend. (d): Temperature variation of remanence (red pentagons)
and coercivity (blue circles are for observed values and solid/green lines are for fits
using Eq.(4)).
vibronic superexchange between singly occupied two fold degenerate eg orbitals. But,
these vibronic superexchange have less stability in comparison with long range FM
interaction results in reduction of net magnetic moments. (iii) AFM superexchange
coupling between Ni3+LS(e
1
g)-O-Ni
3+
LS(e
1
g) and Mn
3+
HS(e
1
g)-O-Mn
3+
HS(e
1
g) disordered pairs. (iv)
If stabilized Ni3+ in HS [40] and Mn3+ in LS [41] state, then the exchange coupling
between possible pair of ions. (v) As both Ni3+ and Mn3+ (having orbital degeneracy)
are John-teller active, the local distortion at octahedral sites may affects the long
range FM ordering. (vi) At the interfaces of cation ordered and disordered structures
(a) AFM interaction between Ni2+(e2g)-O-Ni
3+(e1g) (due to virtual excitation through
superexchange in 1800 geometry) and (b) FM interaction between Mn3+(e1g)-O-Mn
4+(e0g)
(due to double exchange) bonds. (vii) Even in highly ordered sample there may AFM
interaction at anti-phase boundaries due to presence of Ni2+-O-Ni2+, Mn4+-O-Mn4+
pairs. These interface effects are relatively small compare to contribution form cation
ordered and disordered regions. As a result of these coexisting interactions, there is a
competition between long range FM interaction and short scale AFM coupling originated
from cation ordered and disordered structures respectively, which governs the magnetic
behavior in SNMO system. With increasing ASD concentration, contributions from
interactions (i) and (iii) increase, cause reduction of PM-FM transition temperature
TC (Table 1) and substantial decrease of overall magnetic moment value is observed.
Within Td < T < TC temperature regime, an additional inverted cusp like trend is
prominently observed in highly disordered sample (marked by curved arrow in Fig.5(a)).
With increasing the amount of cation ordered phase fraction keeping the measuring field
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fixed (Fig.5(a)) or with increasing measuring field for a fixed ordered sample (Fig.5(c))
the inverted cusp attenuates. Here, with increasing the degree cation ordering the
contribution from short scale AFM coupling decreases, whereas in presence of high
measuring magnetic field the long range interaction dominates over diluted short scale
couplings. Thus, the inverted cusp like feature is assigned to effect of point disorder of
B-site cations.
Sample TC(K) Td(K) M
5K
S (µB/f.u.) M
5K
R (µB/f.u.) Q
MS
ASD(%) (Eq.(3)) Q
XAS
ASD(%) (Eq.(1))
S HO 150.1 17.7 4.96 0.61 3 7
S I 140.1 14.2 3.43 0.53 33 37
S HD 128.5 10.6 0.34 0.05 93 91
Table 1. Effect of varying B-site cation disorder in magnetization. Last two columns
list ASD fraction estimated from saturation magnetization and EXAFS analysis,
respectively.
Magnetic isotherm recorded at T = 5 K (see SM) shows drastic drop in saturation
magnetization with increasing cation disorder density. Considering ideal case, long range
ordered FM configurations only, the effective total moment is calculated using,
Mcal =
{
2(µSm)
2 + y(µNi2+)
2 + x(µMn4+)
2 + (1− y)(µNi3+)2 + (1− x)(µMn3+)2
}1/2
(2)
where y, x are fractional concentration for Ni2+, Mn4+ valence species respectively
(obtained in Sec.3.2) and so on. Assuming Ni3+, Mn3+ to be in LS, HS state respectively,
the estimated Mcal value is found to be 5.12 µB (from Eq.(2)). The order parameter
related with ASD configurations QMSASD is defined as [25],
QMSASD = 1− (MS/Mcal) (3)
which involves the reduction of saturation moment value by disordered AFM pairs
originating from Ni species occupying Mn site and vice versa. Estimated values of
QMSASD are listed in Table 1, which are well consistent with EXAFS analysis. The
thermal evolution of both remanence (MR) and coercivity (HC) for SNMO samples
show non monotonic behavior (Fig.5(d)) indicating evolution of magnetic phases with
temperature, similar to what we have observed in M(T) measurements. As expected
MR is observed to decrease with increasing ASD concentration present in the sample
(Fig.5(d), Table1). The coercive field is the inverse field necessary for reversal of
magnetization direction which depends on several mechanisms like nucleation, rotation,
propagation motion, pinning and de-pinning of domain wall etc. inherently involved
with nature and dimension of the defects present in the system [42]. The temperature
dependency of coercivity can be expressed as [43],
µ0HC = {(2κ)/MS}α−Neffµ0MS (4)
where κ is anisotropy constant, α is mechanism parameter, MS is saturation
magnetization, Neff is average dipolar interaction. Mechanism parameter α depends
on microstructure of the magnetic grains which involves anisotropy reduction at the
vicinity of the grain boundaries, misalignment of the grains and grain grain exchange
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Figure 6. (a): Angular variation of coercivity measured at T = 10K. (b): Magnetic
moment as a function of angle M(φ) measured at T = 5, 25K in presence of applied
magnetic field 2500Oe; temperature variation of difference in moment δM along IP and
OOP direction. Schematic represents thin film (a-b plane) rotation with respect to
applied field (Hext) direction for angular dependency of magnetization measurements.
interaction. Only in ideal case for magnetically decoupled, perfectly aligned grains α =
1 condition holds, but in practical environment all of the contributions involves in α are
less than unity. The effective anisotropy energy of these films (κeff (S HO) = 6.472 ×
105 erg/cm3 and κeff (S I) = 2.696 × 105 erg/cm3) are estimated as,
κeff =
∫ µ0HS
0
M(H)IPdH −
∫ µ0HS
0
M(H)OOPdH (5)
where HS is saturation field, IP and OOP correspond to in plane and out of plane
geometric configurations of magnetization with respect to applied magnetic field
direction, respectively. The calculated variation of coercivity in Td < T < TC regime are
presented in Fig.5(d) which yields fitting results, α(S HO) = 0.044(1), Neff (S HO) =
0.215(3) and α(S I) = 0.067(4), Neff (S HO) = 0.194(5). Such small values of α indicate
dominating pinning mechanism over nucleation in magnetization reversal process with
narrow heterogenity of the magnetic phase present in the samples [42, 43]. For narrow
heterogenity the pinning efficiency varies as ∼ d/δ where d and δ represent widths of the
defect and domain wall, respectively [42, 43]. Larger value of α for S I in comparison
with S HO, implies larger dimension of defects in S I than that of S HO, which is due
to convoluted effect of more mislocated site disorder present in S I.
The IP MR is higher than the OOP MR, indicates that it is easier to magnetize the
films along IP direction i.e. magnetic easy axis lies in the a-b plane. In order to further
elucidate the symmetry distribution of anisotropy axes, we have measured magnetization
as a function of angle φ between a-b plane (easy axis) of the films and applied field
(Hext) direction (schematic illustrated in Fig. 6). The angular variation of HC curves
(Fig.6(a)) show two fold symmetry, i.e. two minima occur within -1550 6 φ 6 +1550
range. Similarly, in M(φ) measurements (Fig.6(b)) two fold anisotropy distribution
were observed over 3600 angular scans. Thus the observed angular dependency of
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magnetization suggests predominant uniaxial nature of anisotropy in SNMO films. One
should notice that the angular difference between the easy direction and the immediate
hard direction i.e. half of the periodicity is not exactly 900 (95.10 for S HO and 79.90
for S I) in these samples, which suggests the presence of additional weak anisotropy
contribution such as biaxial term along with dominating uniaxial contribution. The
difference in magnetic moment value δM along φ = 00 and φ = 900, plotted as a function
of temperature below TC region are presented in Fig.6(b). Comparison between SNMO
samples having different extent of disorder densities, reveals that with increasing cation
disorder in system, deviation from uniaxial behavior increases and anisotropy reduces
considerably. Observed behabiour is due to increase of disorder related AFM phase
which weakens the long range FM interaction in SNMO. Similar reduction of anisotropy
with decreasing chemical ordering is observed in other systems also [44].
Regarding the low temperature magnetization behavior it is suggested that in case
of prototype LNMO system the transition is possibly due to reentrant ferromagnet or
reentrant spin glass (SG) like phase [39, 8]. As the whole set of SNMO films show
qualitatively similar trend in magnetization at T = Td, for detailed study first we have
choosed particularly S I film, which have approximately moderate phase fraction of
both ordered and disordered structures and then compared the effect of different ASD
concentration. On reducing temperature below Td both ZFC and FCW magnetization
are found to decrease sharply under low (µ0H1.5T) applied field (see SM). Generally
in case of SG system MFC becomes a constant or decreases slowly with decreasing
temperature, while it increases with decreasing temperature for superparamagnets [45].
We have observed that transition temperature Td depends on measuring dc magnetic
field strength µ0H (Fig.7(a:Inset(i)) and the variation in H-T space can be described by
[45],
Td(H) = Td(0) {1− (H/Ha)p} (6)
where, Td(0) estimates the transition temperature at zero field, Ha is the field amplitude
and p is the exponent. Such critical line behavior in H-T space is observed in SG [45]
(defining border line for SG phase i.e. upon crossing this line relaxation time and
correlation length diverge) as well as in uniform ferromagnet with cubic anisotropy
[48] (defining border line for metastable and irreversible phase). In case of SG system
exponent p characterizes the type of phase transition, for instance p = 2/3, namely
de Almeida-Thouless (AT) line [46] is for Ising type SG and p = 2, namely Gabay-
Thouless (GT) line [47] is for freezing of transverse spin components. Least-squares
fitting of the observed data in H-T space yields Td = 14.3±0.1 K, Ha = 16.22±1.05
kOe, p = 0.76±0.07, which indicates close to AT-line behavior in H-T phase diagram.
This field dependent downturn transition Td is further investigated by exploring the
dynamical response of dc-magnetization from the system. Characteristic ZFC memory
effect, typically observed in SG systems, following single stop and wait procedure (SSW)
in ZFC protocol, is measured (Fig.7(a)). For this at first a reference ZFC curve MREFZFC
is recorder in standard ZFC mode in presence of magnetic field µ0H = 100 Oe. In next
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Figure 7. (a): Comparison between ZFC referece curve (blue) and ZFC magnetization
with single stop and wait protocol (red) measured in presence of 100 Oe applied
magnetic field. Inset(ii) shows temperature variation of ∆M = MSSWZFC - M
REF
ZFC .
Inset(i) presents transition temperature Td as a function of measuring magnetic field
µ0H, dots(dark green): observed behavior, solid line(light green): fitted curve with
Eq.(6). (b): Magnetic viscosity as a function temperature, obtained by fitting the FC
magnetization relaxation (shown in the Inset) behavior with Eq.(7). (c) Relaxation
rates S(t) calculated from relaxation of ZFC magnetization (shown in the Inset) with
different wait times tw. (d): ZFC (red) and FC (blue) relaxation with intermediate
negative thermal cycling.
turn during zero magnetic field cooling, the sample was cooled from T = 200K down to
a stop temperature Ts = 10K, aged at T = Ts for a wait time tw = 10
4s, then cooled
down to 5K and again magnetization MSSWZFC is recorded under applied magnetic field
µ0H = 100 Oe. Temperature dependency of difference curve defined as ∆M = M
SSW
ZFC -
MREFZFC (presented in Fig.7(a:Inset(ii)) shows distinct dip just near Ts at T'10.7K, i.e.
system memories its cooling history. During isothermal aging at Ts for tw the spins
spontaneously arrange towards equilibrium state through the growth of equilibrium
domains, on further cooling below Ts they are frozen in and retrieve the memory on
reheating [45, 52]. To study the spin dynamics relaxation measurements under small
field perturbation are carried out. For relaxation of FC (ZFC) magnetization, system is
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cooled in presence of magnetic field µ0H = 100 Oe (zero Oe) from T = 300K down to
measuring temperature Tm and then after an isothermal wait time of tw applied field
is turned off (field µ0H = 100 Oe is applied) and isothermal time evolution of magnetic
moment is recorded. The time decay of FC remanent magnetization with tw = 0s across
Td (presented in Fig.7(b:Inset)) shows non-saturating behavior within the time scale
involved in the measurements. The observed time evolution of magnetization M(t) is
well describe by logarithmic decay function [49],
M(t) = M0[1− S ln(1 + t/t0)] (7)
where M0 is initial remanent magnetization, S ≡ S(T, H) is magnetic viscosity which
characterizes the relaxation mechanism and depends on the material, t0 is reference time
involved with measurement process. The random or coexisting mixed spin interaction
or time evolved activation mediated energy barrier distribution results in this kind of
logarithmic relaxation behavior [49]. In general FC relaxation of magnetic moment
decreases monotonically with increasing measuring temperature as it causes more
thermal fluctuation [50], where as here the temperature variation of FC relaxation
process show non-monotonic behavior. The estimated values of magnetic viscosity
attains an inflection point at T'10K (Fig.7(b)), which is also reported to be observed
in spin glass and frozen ferro-fluid systems [49]. Such viscosity behavior indicates
a trade-off between freezing of spins due to competing exchange interactions and
thermal activation of freezed spins with increasing temperature [49]. Wait time tw
dependency (aging effect) is observed in ZFC relaxation measurements recorded at T =
5K (<Td)(presented in Fig.7(c:Inset)). The relaxation rate S(t) = (1/H)(∂M(t)/∂lnt),
show characteristic maxima around t = tw (Fig.7(c)) i.e. presence of aging effect. Similar
aging behavior is reported to be observed in magnetically disordered and frustrated
systems including SG, chaotic reentrant ferromagnets etc. [49, 51]. After quenching the
system below Td (Tm <Td), during the aged time tw as the system is left unperturbed
(no change in T or H) growth of equilibrium domains start and the observed aging
signature at around t ≈ tw time is related to the dynamic response originating because
of crossover from quasi-equilibrium regime (t≤tw) to non-equilibrium regime (t≥tw)
[49, 52]. ZFC and FC relaxation experiments with intermediate negative thermal cycling
(∆T = 5K), below T = Td, are examined (Fig.7(d)). Generally, relaxation before after
negative thermal cycling are expected to follow continuous trend without having shift
in magnetization value for SG [50]. Observed discontinuity in relaxation behavior at
t1 and t3 time scales for ∆T = 5K, indicate the presence of more than one coexisting
relaxation process.
Observed sharp reduction in magnetization below T = Td suggests anti-parallel
alignment of some moments in the magnetic lattice. During cooling from high
temperature PM state below TC , Ni and Mn ions order in FM configuration and imposes
an internal magnetic field Hint at Sm sites. Experiencing the internal exchange field
effect exerted by long range ordered Ni-Mn sublattice, PM Sm moments are polarized
in anti-parallel direction with respect to Ni-Mn network. The opposite alignment of
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rare-earth moments with respect to TM moments are also observed in several perovskite
and double perovskite structures, as well [53, 54]. With decreasing temperature, there
is continuous increase of orientational ordering of polarized Sm PM moments. At
T = Td the competition between oppositely aligned overall magnetic moment of Ni-
Mn sublattice and polarized PM moment of Sm site results in downturn behavior in
temperature dependent magnetization. M(T) measured in presence of different applied
magnetic fields (see SM) reveal that the downturn transition vanishes, with increasing
applied field strength (at µ0H ∼ 1.5T) i.e., when the measuring field balances the
internal field (therefore Hint ' 1.5T) at Sm sites there is no longer any decrease in
magnetic moment with decreasing temperature. Interestingly, with a further increase
of applied field (µ0H > 1.5T) the downturn behavior transforms into an upturn. Thus,
when µ0H < Hint, there is an AFM arrangement (in T 6 Td) between polarized Sm
PM moment and Ni-Mn effective moment. In disordered magnetic systems presence
of AFM interactions in FM host matrix causes spin frustration [55]. Here, below Td
FM and AFM inter-competing interactions between Ni-Mn sublattice and Sm-(Ni/Mn)
sublattice respectively, result in similar frustrated magnetic states in SNMO. At low
temperature (T 6 Td), instead of single global minima (which is generally observed
for equilibrium states), multiple local minima pockets with finite barrier heights are
formed in free energy landscapes making it rugged because of frustration in the system.
Consequently metastable nature in dynamical response of magnetization is observed in
SNMO below Td. With increasing B-site cation disorder in the system the transition Td
shifts towards lower temperature value (Table 1) and it’s sharpness reduces. Point to
be noted here that, ASD related short scale AFM interactions are not the dominating
origin to create such magnetic frustration in SNMO at low temperature (T 6 Td)
otherwise, non-equilibrium dynamical behavior should be observed well above Td also,
where both order disorder structures related FM-AFM interactions coexist and with
increasing disorder or in other word with increasing ASD AFM pairs, Td should show
rise in temperature but we have observed the opposite trend. The polarization of Sm
PM moments depends on long range ordering of Ni-Mn sublattice. Introduction of B-site
cation disorder weakens the Ni-Mn long range interaction as well as the internal field
strength, which affect the downturn transition by shifting it towards lower temperature
values.
4. CONCLUSION
In summary, we have presented the consequences of B-site cation disorder on electronic
and magnetic properties of epitaxial Sm2NiMnO6 thin film system. The level of cation
ordering is found to be sensitive against fine tuning of growth parameters used for
fabrication process and we have presented corresponding phase stability diagram which
provides the recipe to engineer ASD concentration. Utilizing a proper model in EXAFS
analysis we have quantified the ASD fraction present in the samples, grown under
different conditions. We have observed that with increasing concentration, disorder
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distribution transforms from homogeneous to partial segregation type. From electronic
structure probe, the observed mixed valence nature of both Ni and Mn species which is
insensitive to the degree of cation ordering, confirm the Ni2++Mn4+ −→ Ni3++Mn3+
kind of charge fluctuation occurring in the system. Mislocation of B-site cation results
in additional Ni-O-Ni and Mn-O-Mn AFM pairs along with Ni-O-Mn FM interactions
originating from ordered structure. Consequently, the magnetic behavior of SNMO
comprise of co-existing long range FM ordering and short scale AFM interactions.
Competing nature of these two phases involved with varying disorder fractions, left
its imprints in magnetic behavior such as, decrease in FM transition temperature TC ,
drastic drop of saturation moment value MS, reduction of remanence magnetization
MR and anisotropy energy κ are observed with increasing ASD. The field dependency
of inverted cusp like trend in M(T), non-monotonic nature of HC(T) and MR(T)
also confirm the temperature evolved varying magnetic contributions form different
interaction paths present in the system. Cation disorder densities are again estimated
from bulk saturation magnetization, which are well consistent with EXAFS analysis.
In magnetization reversal, pinning mechanism is found to dominate over nucleation
having narrow heterogenity of magnetic phase and with increasing ASD, dimension
of defects involving pinning process increases. Angular dependency of magnetization
reveals uniaxial anisotropy character and it is found to deviate with increasing B-site
disorders. Below Td transition, observed magnetization behavior is attributed to effect
of polarized Sm PM moments in presence of internal exchange field exerted by long range
ordered Ni-Mn network, pointing in opposite direction to Ni-Mn magnetic sublattice.
Frustration due to inter competing magnetic interactions from Sm vs Ni-Mn sublattice
effects cause rugged free energy landscape situation and consequent metastable nature of
magnetization. Interplay between internal field and magnitude of applied magnetic field
governs the low temperature (across Td) M(T) behavior, which can be transformed from
downturn to upturn by varying measuring field strength. As the polarization of Sm PM
moments depends on the potential of internal field from long range FM interaction, with
increasing ASD FM ordering weakens and Td transition moves to lower temperature.
Thus, the presence of Ni/Mn mis-site defects in SNMO thin films have huge bearing on
magnetic properties of the system, which can be tailored by proper control of synthesis
conditions. The present study will in general, help to understand the alteration in
functional properties of DP systems mediated by B-site cation disorders in the host
matrix.
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Figure S1(a) presents the X-ray diffraction θ − 2θ scans of Sm2NiMnO6 (SNMO)
thin films on (00l) oriented single crystal SrTiO3 (STO) substrates, fabricated under
different conditions to control the extent of B-site cation (Ni/Mn) disorder in the system.
Independent of growth parameter variation (within the range used here), samples show
diffraction peaks corresponding to SNMO (monoclinic P21/n symmetry) phase (00l)
reflections only, i.e. the grown films are in single phase and (00l) oriented. Under
pseudo-cubic approximation (
√
2ap×
√
2ap×2ap, ap stands for pseudo-cubic), the average
lattice parameter of bulk SNMO is abulkp = 3.8373A˚, which is smaller than STO (cubic
Pm3¯m symmetry) lattice parameter asubp = 3.905A˚. Calculated lattice mismatch with
the substrate defined as (abulk-asub)/abulk is ∼ -1.76%. During the initial growth stage
this lattice mismatch may impose in-plane tensile strain in the film.
Atoms Site Fractional coordinates Lattice parameters
x y z
Sm 4e -0.0119(4) 0.0563(1) 0.250 a = 5.35570(9)
Ni 2c 0.500 0.000 0.500 b = 5.53894(9)
Mn 2d 0.500 0.000 0.000 c = 7.61695(12)
O1 4e 0.0954(20) 0.4795(18) 0.2604(61) α=90.0
O2 4e 0.6986(35) 0.2879(36) 0.0480(22) β=90.032(2)
O3 4e 0.7085(36) 0.3037(34) 0.4567(23) γ=90.0
Table S1. Crystallographic information obtained from Rietveld analysis of X-ray
diffraction data of polycrystalline SNMO recorded at 300K.
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2Figure S1. (a): XRD (θ− 2θ) patterns of SNMO thin films deposited under different
conditions on (00l) STO substrate along with the (00l) STO substrate. Observed
diffraction peaks from the films at just right side of the substrate peaks are marked by
arrows. Additional peaks at the left side of the substrate peaks corresponds to (00l)
Kβ reflections. (b): Reciprocal space maps around asymmetric (103) plane of S I film.
The most intense coordinates in (qx, qz) domain correspond to SNMO film and STO
substrate are identified by arrows.
To explore the possibility of substrate induced strain present in the films, reciprocal
space mapping (RSM) across asymmetric (103) reflection are performed, as shown in
Fig.S1(b) for S I sample. RSM measurements confirm the epitaxial nature of the films.
The qx and qz axis shown in RSM plot correspond to the in-plane and out-of-plane
directions, respectively. Here, the maximum intensity coordinate for the film (qxf , qzf )
is shifted from the substrate (qxs, qzs), indicates that the films are relaxed. The lattice
parameters of SNMO film along in-plane and out-of-plane directions, estimated from qxf
and qzf , are found close to the SNMO bulk value. As here the thickness of the SNMO
films (∼ 140 ± 5nm) have already crossed the critical value (depends on lattice mismatch
and particular system) to sustain substrate induced strain, the films are relaxed from
substrate clamping effects.
Table S1 lists the structural parameters determined from Rietveld analysis of X-ray
diffraction data of polycrystalline SNMO recorded at 300K.
Sample
Ni-O Ni-Sm Ni-Mn Ni-Ni
q
R (A˚) σ2 (10−4A˚2) R (A˚) σ2 (10−4A˚2) R (A˚) σ2 (10−4A˚2) R (A˚) σ2 (10−4A˚2)
S HO 2.060(2) 67(5) 3.079(4) 86(6) 3.951(9) 90(9) 3.966(9) 90(9) 0.93(2)
S I 2.063(2) 100(4) 3.074(3) 106(4) 3.917(9) 98(9) 3.966(8) 98(9) 0.63(1)
S HD 2.061(3) 105(6) 3.079(4) 110(5) 3.840(7) 109(8) 3.969(8) 109(8) 0.09(1)
Table S2. Results of Ni K-edge EXAFS analysis, right most column reports estimated
probability of getting ordered bond configurations present in the films. Number in the
parentheses represent the error bars on the last digit.
Figures S2(a, b) show real and imaginary part of Fourier transforms of Ni K-edge
3Figure S2. (a): Re[χ(R)] and (b): Im[χ(R)] presenting observed signals
(hollow/black circles) and corresponding best fits (solid/red lines) for SNMO thin
films.
EXAFS spectra for SNMO samples. Table S2 lists the refined values of structural
parameters for the SNMO films.
Figure S3. M(H) measured at T = 5K for SNMO films having different ASD. Inset
show enlarged view of low field region.
Isothermal magnetization measured as a function of applied magnetic field at T
= 5K temperature for SNMO films having different B-site disorder concentrations are
presented in Fig. S3.
Temperature dependent magnetization for S I thin film measured under 100Oe
applied magnetic field in zero field cooled (ZFC) warming and field cooled warming
4Figure S4. (a): Magnetization measured as a function of temperature M(T) in
presence of external magnetic field 100Oe, following ZFC and FCW protocols, for
S I sample. M(T) curves recorded under different measuring fields, in (b): ZFC and
(c, d): FCW modes.
(FCW) paths are displayed in Fig.S4(a). Below downturn transition temperature Td,
both ZFC and FCW magnetization are found to decrease. To explore the effect of
measuring field on downturn transition, M(T) curves are recorded for different applied
field values in both ZFC and FCW modes, as presented in Fig.S4(b, c and d). It
5is observed that with increasing dc field strength the transition Td becomes broader,
shifts towards lower temperature value and a much higher applied field can change the
downturn nature of M(T) into upturn.
